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Abstract
During interventional ultrasound-guided procedures, sterility is maintained by covering the
ultrasound transducer head and cord with a sterile sheath. The current sheathing technique
is cumbersome, requires an assistant to complete, and poses a risk of tangling the probe
cord and breaching the sterile barrier. This paper presents the design, development, and
evaluation of a probe holder and cartridge-style, single-use applicator that returns high
quality ultrasound images and sheaths ultrasound transducers 35% faster than the current
technique with a decreased risk of breaking sterility. When tested by medical professionals,
all participants preferred the new device to the existing probe sheathing method.
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Chapter 1
Introduction
Sterility and image quality are essential during invasive, ultrasound-guided procedures in
which needle insertion into the patient occurs. Sterility is achieved through the applica-
tion of a sheath to the ultrasound transducer before the start of the procedure [13]. This
technique is cumbersome, requires an assistant and poses a risk to maintaining the sterile
barrier.
A new device, shown in Figure 1-1, has been developed to enable faster, more reliable,
single-user sheathing of ultrasound probes with a decreased risk of breaking sterility.
Figure 1-1: A new ultrasound probe sheathing device: prepared for sheathing (left), in
packaging (right).
This disposable device has a preloaded sheath and rubber band fasteners on a single flat
packing, trifold, HDPE cartridge. The cartridge fits in the current sheathing kit packaging
15
........... . ..... I ................. ...... .... .......
and can be sterilized using the same method as the existing sheath. During sheathing,
the sheath shell clips into a probe holder, the rubber bands are applied to the probe over
the sheath, and the probe is then lifted from the holder as the telescopically folded sheath
unfurls along the length of the probe cord.
The thesis is divided into 12 chapters. The Background section gives a detailed descrip-
tion of the problem with the current sheathing method and discusses prior solution attempts.
The Alpha Prototype Development chapter addresses functional requirements for the de-
sign, bench-level experimentation, and design concept selection. The Alpha Prototype
Design section reveals the first complete prototype for a new ultrasound probe sheathing
device. Repeatability and sterility test results for the alpha prototype are summarized in the
Alpha Prototype Testing chapter.
The second half of this thesis is dedicated to the discussion of the second complete
sheathing device prototype. The Beta Prototype Development section begins with a critique
of the alpha prototype, and then reframes the design challenge and functional requirements
before presenting an entirely new approach to solving the probe sheathing problem. The
Beta Prototype Design chapter provides a detailed discussion of the progression of the beta
prototype and the reasoning behind each key design decision. The Beta Prototype Testing
section describes the methods and criteria for evaluating the beta prototype, with testing
results and observations presented in the Results and Observations chapters. This thesis
closes with a discussion of future work and conclusions.
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Chapter 2
Background
In September, 2012, Dr. J. Jordan Romano, D.O. of Massachusetts General Hospital pre-
sented a need for an improved ultrasound probe sheathing device to the class in the MIT
Precision Machine - Medical Device Design course. From this proposal and further re-
search, the problem of ultrasound probe sheathing was further defined.
2.1 Problem Definition
The use of ultrasound-guidance for interventional procedures has been shown to improve
patient outcomes and decrease complications [11]. Catheter or needle misplacement can
cause up to 4-7 excess days of hospital stay, up to $45,000 in extra costs, and increased
morbidity rates of up to 14% [24]. Ultrasound guidance provides real-time visualization of
variations in patient anatomy during technically challenging, otherwise blind procedures,
including central venous catheter placement, pleural fluid drainage and various biopsies
[18]. In 2011, over 16 million ultrasound-guided procedures were performed in medical
settings, with the estimated savings per 1,000 patients totaling over $800,000 [18] [17].
The current standard sheathing procedure kit is shown in Figure 2-1. The contents include
a packet of sterile ultrasound gel, a telescopically folded 48" polyethylene sheath, and two
rubber bands. The sheath is 48" long because it must cover the transducer cord when it is
draped across a typical hospital bed. Clinicians often place the ultrasound machine opposite
them across the bed to have both the patient and ultrasound monitor in their field of vision
17
during procedures. Additionally, the seams at the closed end of the sheath form a 3" x
2.25" rectangular cover as it is designed to fit a wide range of probe types. See Appendix
A for common probe types.
Figure 2-1: The current standard sheathing procedure kit includes a packet of sterile ultra-
sound gel, a telescopically folded 48" polyethylene sheath, and two rubber bands.
In packaging, the sheath is folded over once and placed inside a perforated plastic bag
along with the two rubber bands. Finally, the perforated bag and sterile gel are packaged
inside a sealed pouch. All contents of the pouch are deemed sterile. According to the
company that produces the kit, the sheath is placed in the secondary perforated bag in
order to protect it from puncture by the gel packet during shipping and storage.
The current sheath application process, detailed in Figure 2-2, requires the probe first
be held upright while a thin layer of gel is applied to the transducer head. This medium
aids in transmitting ultrasound signals to tissues to preserve image quality [8]. The sheath
is then unwrapped and gloves donned by the clinician. With the assistant grasping first the
probe body and then the cord, the sheath is pulled over the transducer head, secured with a
rubber band and unfurled over approximately 1 m of cord. If at any point the probe touches
the outside of the sheath, the sheath is discarded and the procedure begins again.
An additional challenge comprises maintaining a layer of acoustic coupling gel, which
improves image quality by minimizing the difference in acoustic impedance and sound
velocity between the transducer and the human tissue, and between the transducer head
and sheath. Poor application or its displacement during sheathing can result in air bubbles
18
that reduce image quality.
Figure 2-2: Ultrasound probe shown being sheathed using the current method.
A succinct list of problems with the current sheathing technique is summarized in Table
2.1.
Table 2.1: Key problems with the current ultrasound probe sheathing method.
" Training and assistance is required
" Sheath orientation is unclear
" Procedure technique is inconsistent among operators
" The maintenance of sterility is at risk during unfurling
" Rubber band sheath fasteners float free in kit package
" Control of ultrasound gel placement is poor
Overall, the technique is cumbersome, requires an assistant, and poses a risk to main-
taining the sterile barrier. Thus, the goal of this work was to create a reliable sheathing
device for hand-held ultrasound probes that can be operated by a single user.
2.2 Prior Art
Several existing devices and patents address sheathing an ultrasound probe; however, none
fully address a single-user scenario. The Pull UpTM ultrasound cover has a distinct handle-
like tab that allows the user to both easily identify the sheath opening and unfurl the sheath
over the length of the probe and cord [21]. Patent number 5,910,113 from 1999 [15] at-
tempts to increase the ease of unfurling the sheath, which is often the greatest barrier to
maintaining sterility, with a telescoped sheath that is easier to extend along the cord with
one hand. Additionally, the open end of the sheath is mounted to the outside of a structure
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that is folded flat. Upon use, it is opened to ease passage of the probe through the sheath.
However, this patent does not adequately eliminate the difficulty of grasping the non-sterile
probe while simultaneously applying a sterile sheath. Weymer's patent [20], published in
2008, broadly addresses covering an ultrasound probe with suggestions for integration of
an acoustic couplant gel and drawstring sheath-tightening mechanism, without specific so-
lutions. Condom application poses a similar challenge. U.S. patents 5,316,019 [3] and
8,166,975 [14] address condom application by joint packaging of condom and applicator,
which extends the condom along the desired length. SensisTM tabbed condoms [9] allow
the user to unroll the condom with tabs that are freed from the condom when unrolling is
complete. Both of these products employ methods applicable to maintaining sterility, be-
cause the user holds tabs without compromising sterility of the product surface. The Pronto
condom [7] allows direct application of a condom straight from a break-open package. Stat
Strip® adhesive bandages [10] offer similar usability through a bandage that is opened with
lateral force and can be applied directly from the packaging. Looking outside the medi-
cal field, patent number 4,783,950 [16] covers protective wrapping of luggage by rotation
along its central axis, while enveloping it with a film dispensed from a spool. Patent number
4,827,695 [6] discusses the sealing of a sucker wrapper to a sucker stick through wrapping
and heating. A number of inventions attempt to discourage gel migration from the head
of the probe. U.S. Patent 4,815,470 [2] addresses the issue of fluid frequently escaping
by creating a tight fit through an inflatable sheath. Patent number 6,039,694 [4] surrounds
the ultrasound probe with a homogeneous, solid, elastic, biocompatible sheath that is con-
formal to each probe and eliminates the need for additional layers of gel. Solid couplant
hydrogels of patent number 5,522,878 [12], allow the probe to be placed directly on the
patient's skin without the traditional layer of gel on the sheath exterior.
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Chapter 3
Alpha Prototype Development
3.1 Functional Requirements & Strategies
After gaining an understanding of the problem and prior solution attempts, a list of func-
tional requirements was developed for the device and solution strategies were generated.
Although there are many requirements that could be listed, the key, fixed functional re-
quirements for the device are shown in Table 3.1.
Table 3.1: Sheathing device fixed functional requirements.
- Maintains sterility
- Operated by a single user
- Sheath covers the length of the cord
- Easy to use
- Accommodates multiple probe types
- Portable
Three high-level strategies were defined after categorizing the outcomes of the brain-
storming sessions. The strategies, as illustrated in Figure 3-1, involve a variation of bound-
ary conditions for the probe and sheath. The first strategy attacks the problem by holding
the probe fixed while the sheath is free for maneuvering. The second utilizes a moving
probe while the sheath is held fixed. Finally, the third strategy requires no fixation of either
the probe or sheath. Both are piloted during the sheathing process.
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Probe fixed, sheath fre( Probe free, sheath fixed Bo
Figure 3-1: Probe sheathing strategies
th probe & sheath free
After careful consideration of each strategy and its implications, the probe free, sheath
fixed strategy was selected. This strategy was seen as the most promising for several rea-
sons. Having both probe and sheath moving is inherently problematic. In order to improve
the process for a single-operator, a reduction, not an increase, in the degrees of freedom
of the system is needed. Secondly, holding the probe fixed while applying the sheath cre-
ates opportunities for additional risk. The non-sterile probe holder itself would need to be
sheathed, which simply makes the problem worse. It is no better than using a non-sterile
assistant. By allowing the sheath to be fixed, sterile interaction with the non-sterile probe
may occur while engulfed by the mounted sheath.
3.2 Bench-level Experiments & Concepts
Further brainstorming following strategy selection led to the development of three design
concepts for the sheath fixed, probe moving approach. Table 3.2 summarizes each concept.
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Table 3.2: Probe sheathing design concepts and process flow.
Concept Sheathing Process Flow
Sliding Sheath & Probe Holder with Elastic
Sheath Tip Place probe into holder
- Apply gel to probe
Z* Snap packaged sheath into
place
- Remove non-sterile sheath
packaging
- Put on sterile PPE
- Slide sheath down over probe
- Pull probe through sheath
Coupled Actuation
- Place probe into holder
- Apply gel to probe
- Pull sheath packaging tabs over
posts
- Pull lever to break package
open and move probe upwards
Put on sterile PPE
- Pull probe through sheath
Static Sheathing
- Place probe into holder
- Apply gel to probe
- Pull sheath packaging tabs over
probe and onto hooks at
bottom of probe holder
(breaking open packaging)
- Put on sterile PPE
- Pull probe through sheath
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Each of these concepts, though distinct, offer a wide variety of implementation possibil-
ities. Depending on the sheath's material properties alone, the embodiment of one concept
could have multiple variations. However, sheathing material was not the only factor to be
considered. In pursuit of the most promising solution, a wide range of design options was
considered. Table 3.3 summarizes this wide variety of design considerations.
Table 3.3: Concept implementation possibilities.
Sheath Storage Sheath Fasteners Gel Application
Orientation
* Accordion fold e Rubber bands e Pre-gelled
e Scrunched (existing) o Semi-solid gel strips
* Telescopic fold * Tabs along the sheath o Reservoir of gel
e Rolled (like a * Heat/no-heat shrinking o No gel
condom) * Integrated elastic e Clinician applies from bottle
* Rolled (like a bands (existing)
toothpaste tube) e Clothes clips e Integrated dispensing system
* Cut out congealed gel patches
e Gel packet
* Dipping gel application
Probe Orientation Sheath Material Sheath Size
e Probe upright o Inelastic (existing) * One-size fits all (existing)
" Probe horizontal * Elastic * Variety of sizes
* Probe upside-down o Combination
Given all these possibilities and lacking the immediate knowledge to discard those
less promising, several bench-level experiments were conducted to obtain that knowledge.
These experiments were categorized into three key focus areas:
1. Sheath material and gel integration
2. Sheath unfurling
3. Sheath packaging
Answers to the questions related to these areas were seen as the basis on which all other
design decisions could be made. For example, a major obstacle in the way was the future
of the sheath. Until design constraints could be applied to the sheath, it would be difficult
to move forward with options such as rubber band integration.
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3.2.1 Sheath Material & Gel Integration
The most important measure of a sheathing material's and acoustic coupling medium's
design potential is their ability to produce an ultrasound image of acceptable quality.
Before the questions of sterility, sheath deployment, or packaging could be explored,
it was important to get a better understanding for the factors that affect ultrasound image
quality. Obviously, the new device must first and foremost provide an ultrasound image of
acceptable quality, or it will have no chance for success.
A bench-level experiment was conducted to explore the effects of the acoustic coupling
medium and sheath material properties on ultrasound image quality. In this test, a linear
ultrasound transducer was sheathed either with or without standard ultrasound gel between
the probe and sheath before an ultrasound image was captured. All trials used standard
ultrasound gel between the sheath and patient. The sheathing materials of interest were
elastic materials simulated by lubricated, non-lubricated, and reservoir-tipped condoms.
Each ultrasound image was then ranked by a medical professional on a scale of 1-3, with 3
being of highest quality. The image resulting from the application of the standard sheathing
kit was used to provide a baseline for comparison. Table 3.4 presents the results for each
configuration.
25
Table 3.4: Experimental results for acoustic coupling medium and sheath material property
effects on ultrasound image quality.
Sheath Type & Gel Ultrasound Image Sheath Type & Gel Ultrasound Image
Configuration Ua n g Configuration Ultrasound__mage
Kit Sheath, 3 mm Gel
Layer: 3
Kit Sheath, 2 mm Gel
Layer: 3
Lubricated Condom,
Gel: 2.5
Lubricated Condom, No
Gel: 2.5
Non-Lubricated
Condom, 2 mm Gel
Layer: 2
Non-Lubricated,
Reservoir Tip Condom,
No Gel: 1
In this qualitative comparison using the kit sheath images as a baseline, the lubricated,
tip-less condoms performed best, providing the most definition. However, they were not
consistently bright and ridges appeared at the top of the images. These ridges, readily
evident in the test using a non-lubricated, reservoir-tip condom, are attributed to acoustic
standing waves due to a mismatch in interface impedances. The mismatch in impedance is
a result of sheath material properties and the presence of air bubbles in the gel. The goal
of the sheath and gel is to match the acoustic impedance of human tissue while eliminating
the presence of air pockets. As expected, this test supports the notion that gel or lubrication
of some kind noticeably improves ultrasound image quality.
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Furthermore, the elastic sheaths, while conforming snugly to the probe, consistently
forced the gel into a very thin layer, and the sheath tore on at least one occasion. It can
be concluded from these results that without the use of a semi-solid gel, a sheath with an
elastic tip would not be an improvement upon the current sheathing kit.
Recognizing the need to eliminate air pockets in the gel layer, another bench-level ex-
periment was performed to explore gel alternatives. As previously mentioned, air bubbles
are detrimental to image quality because the acoustic impedance and sound velocity of air
are very different from that of soft tissue [8]. When considering a medium to better bridge
the gap between the ultrasound probe and the surface of the body, two requirements must
be satisfied: 1) minimize air bubbles within the medium and 2) match impedance and sound
velocity to that of human tissues. A medium that better adheres to the head of the transducer
during the sheathing process is desirable in order to maintain image quality throughout the
procedure. In this experiment, three, non-gel candidates were evaluated, a thin adhesive
film known as Tegaderm, and two variants of Smooth-On's EcoFlex® silicone. Ecoflex
silicone was chosen for testing because the properties of silicone closely match those of
human tissue.
EcoFlex 00-05, and the even softer, semi-solid, EcoFlex Gel were cast into 2-3 mm
thick circular discs 6 cm in diameter in a vacuum degassing chamber. Table 3.5 shows the
results of testing these non-standard gels and coupling interfaces. Each sample indicates
the sheath type and acoustic coupling medium located between the probe and sheath. All
samples used the standard gel between the sheath and patient.
Table 3.5: Ultrasound images for non-standard ultrasound gels and coupling media.
Unsheathed PE Sheath with Tegaderm Film PE Sheath with
Probe Standard Gel Sticker (no gel) Smooth-On
Vrnlir an.nn-
PE Sheath with
Smooth-On
FRnFlax Gel
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As compared to the unsheathed probe, the kit's polyethylene sheath with standard gel
provided the clearest and brightest image among the batch. Tegaderm was poorest with
a noticeable degree of attenuation, leaving much of the image black. Finally, while the
EcoFlex samples were not perfect, their image qualities were deemed satisfactory. Image
analysis using MATLAB demonstrated that the image depth was comparable, but the res-
olution of the standard gel was better than that achieved using the silicone. However, future
work to minimize bubble formation during the curing of the silicone could offer substantial
improvement in resulting image quality. The use of a semi-solid gel would be beneficial to
the sheathing process because it eliminates a step in the procedure as well as prevents gel
migration from the head of the probe. This suggests that further investigation into the use
of semi-solid coupling media is needed.
3.2.2 Sheath Unfurling
One of the biggest questions raised by the proposed concepts was: could an unrolling action
properly deploy a sheath? Drawing inspiration from the simplicity and quick deployment
of the tabbed Sensis Condom, shown in Figure 3-2, a sketch model applying the same
method was created to test the idea.
Figure 3-2: Tabbed Sensis condom
To prepare the bench-level test, a probe holder, simulated by a short length of ribbed,
black plastic hosing, was fixed to the workbench by a standard table-mounted vice. A
probe, modeled from green RenShape polyurethane foam, was placed into the holder. The
sheath was prepared by rolling up a polyethylene kit sheath along with two tabs on either
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side. The Sensis tabs were simulated by two 3"x 60" strips of polystyrene film. Figure 3-3
illustrates the experimental setup and initial application of the rolled sheath.
Figure 3-3: Tabbed, rolled sheath applied to a model ultrasound probe.
Using the tabs as guides, the rolled sheath was placed onto the probe head. While
maintaining tension, the tabs were taped to the vice to anchor the sheath while the probe
was lifted from the holder. Figure 3-4 shows the anchored sheath as the probe is passed
through the sheath.
Figure 3-4: Tabbed, rolled sheath unfurling.
Key lessons were learned from this test. First, applying the sheath to the probe by
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steering with two tabs was very difficult. The tabs offered very little control over the sheath
as the two opposing contact points of the tabs made the sheath twist and flip. Second,
rolling a 48" long sheath about itself was very difficult. Even once the sheath was prepared
for unfurling, it was fundamentally too difficult to unroll due to its excessive length. Pulling
on the sheath in this way only served to compromise the sheath further through stretching.
Figure 3-4 shows the unrolling sheath binding up without assistance from the operator.
Even though unrolling a sheath did not work, the use of tabs was not a complete failure.
The problem of instability stemmed from the small area with which the tabs contacted
the sheath. If the contact points could be spread apart, the sheath would not flip or twist.
This idea was tested using a multi-material ring composed of two, opposing stiff regions
where more stable handles could be applied. Rather than employing the disproven unrolling
technique, a telescopically folded sheath was attached to the end of the ring. Figure 3-5
shows the multi-stiffness ring and attached sheath. The black wires mimic a rigid, but
flexible membrane that could attach to the ring.
Figure 3-5: Multi-stiffness sheathing ring.
While the multi-stiffness ring made the sheath much easier to maneuver, new failure
modes appeared. A major drawback was in how the ring was attached to the telescoping
end of the sheath. Most of the sheath was left on top of the probe and not actually sheathing
it. Figure 3-6 illustrates the ideal result and this common failure mode.
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Figure 3-6: Proper probe sheathing with multi-stiffness ring (left) and common sheathing
failure mode (right).
Additionally, this approach, whether sheath application is performed before or after
donning sterile garb, presented significant risks to sterility. If the sheath fell over at any
point, the sterile barrier could be compromised.
These tests served to eliminate the options of unrolling sheaths and tab-steered sheath
application from the potential design space.
3.2.3 Sheath Packaging
The third concept for static sheathing aims to sheath the probe before donning sterile garb.
This required an investigation of sheath packaging design such that the sheath could be
applied to the probe and removed from its non-sterile packaging simultaneously. One pro-
posed method, inspired by the Stat Strip bandage, was tested. A tabbed Sensis condom was
placed inside a proof-of-concept packaging composed of Post-it notes. Four Post-its were
joined as shown in Figure 3-7 to mimic a Stat Strip bandage. The Post-it note adhesive was
chosen to approximate the adhesive used on the Stat Strip packages.
Figure 3-7: Stat Strip-inspired packaging with a Sensis condom.
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During the test, the user held the Sensis tabs within the package from the outside and
pulled open the package with lateral force. Once the Post-it adhesive disengaged, the Sensis
was placed over a tool handle simulating a probe. The tabs, still held by the non-sterile
package exterior, were pulled down to unroll the condom completely over the probe. Figure
3-8 illustrates this sheathing process.
Figure 3-8: Stat Strip-inspired packaging sheathing test.
The first trial demonstrated a need to label the upper side of the package, because the
condom was opened upside-down, complicating the sheathing process.
This bench-level experiment confirmed that the user could successfully open the pack-
age and apply the "sheath" without touching the sheath or tabs. However, the most difficult
step was securely placing the condom over the probe and tightly aligning the condom tip
with the probe tip. In theory this packaging concept is promising, however it requires a
rolled, tab-guided sheath that is inherently difficult to handle, as previously discovered.
Thus, further exploration of packaging design was put on hold until sheath constraints
could be further developed.
3.2.4 Concept Selection & Scope Reduction
After completing bench-level experiments, one of the three proposed concepts was se-
lected.
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Table 3.6: Probe sheathing design concepts.
L I I
From the unfurling tests, it was clear that the third concept of static sheathing was not
acceptable. Although the sheath could be applied while remaining in its non-sterile pack-
age, the unfurling of the sheath invited challenges to sterility and sheath maneuverability.
The second concept, using coupled actuation, was deemed fundamentally complicated.
This left the first concept involving a preloaded sheath cartridge. While the other two
concepts employed an unrolling sheath, the first concept could also be satisfactory with a
telescopically folded sheath, and it promised a reduction in required operator dexterity and
care when handling the sheath.
The scope of the design task was also narrowed. Pursuing research into the replace-
ment of the current ultrasound gel with a semi-solid, non-migrating coupling medium was
deemed a poorer use of resources. Furthermore, the skill set and resources required to de-
velop not only a new device, but also a new sheath entirely, were too broad. Thoughts of
developing a completely new sheath were set aside. These new constraints helped focus
design efforts to create a new device using the materials of the existing sheathing kit. The
hope was that this would allow for quicker product adoption, as custom sheaths and kits
would not be required for the new, improved device.
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Chapter 4
Alpha Prototype Design
4.1 Refined Functional Requirements
The study of current procedural shortcomings and device performance constraints resulted
in a set of functional requirements. Following bench-level experimentation those require-
ments were given more specific definitions as noted in Table 4.1.
Table 4.1: Functional requirements further specified with design parameters.
Functional Requirement Design Parameter
The device should enable application of a sheath that
- Maintain sterility maintains the sterile barrier between the non-sterile
transducer and the patient.
. SEliminate the need for an assistant to handle the non-
- Single-user operation sterile probe and cord.
- Maintains gel layer Device should facilitate application of ~3 mm layer of gel.
- Covers prove cord Sheath spans ~1 m of cord.
Reducing the complexity of the transducer sheathing
e Easy to use process will ensure repeatable performance and minimize
incidents of lost sterility.
- Accommodates multiple Device should accommodate transducers that vary in size,
probe types shape, and weight.
Portable Device must be portable in order to be transferred across
hospital rooms as necessary.
A flow chart for the sheathing process was also determined for the selected concept
following experimentation. The process flow for probe sheathing using the cartridge style
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concept is outlined in Figure 4-1.
PUT ON STERILE PPE
REMOVE SHEATH FROM
PACKAGE AND HOLD OPEN
SQUEEZE STERILE GEL INTO
SHEATH
ADJUST HEAD OF SHEATH TO
REMOVE SLACK/MISALIGNMENT
PUT RUBBER BANDS OVER
SHEATH
Figure 4-1: Process flow diagram comparing
new device (right).
PLACE PROBE INTO HOLDER
APPLY NON-STERILE GEL TO
PROBE
PUT ON STERILE PPE
I
PUT RUBBER BAND OVER
SHEATH
I
PLACE SHEATH CARTRIDGE
OVER PROBE HEAD
I
PULL PROBE THROUGH
SHEATH
Sterility risk
Assistant required
the current (left) procedure to that using the
4.2 Sheath Shell Design
The first iteration of the most critical module for the concept consisted of the "sheath shell"
depicted in Figure 4-2. The shell is packaged with the sheath between the inner and outer
shell layers, such that the whole assembly can be readily placed over a stationary probe
without further sheath preparation. In practice, the gel is applied to the probe head prior
to applying the sheath shell, and a rubber band is placed onto the sheath before the probe
is pulled through the shell. The concept is favorable because it creates a clear distinction
between the non-sterile and sterile stages of the procedure. As illustrated in Figure 4-1,
there is a procedural break where the user can apply sterile personal protective equipment
(PPE) before continuing. Additionally, testing demonstrated that the device allows the user
to easily unfurl the sheath over the length of the cord. Building upon this progress, the next
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design iteration addressed cost-effective manufacturing and compact storage of the device.
Figure 4-2: Initial sheath shell prototype placed over a stationary probe (left), and its solid
model (right).
The subsequent version of the prototype, illustrated in Figure 4-4, addressed the short-
comings of the first sheath shell. The shell features were optimized to minimize material
use, packaging space, and manufacturing complexity. Device compactness or potential
"stack-ability" was incorporated into the design to minimize the required material and
packaged volume. This device folds along living hinges into a flattened configuration,
allowing the use of readily available, sterilization-compatible medical packaging. The
packaged device is also comparable in size to the currently available sheathing kits. As
shown in Figure 4-3, the sheath shell can be manufactured from a single sheet of material,
encouraging ease of manufacturing and reducing the cost of the device.
Figure 4-3: 2D stamping folded into a sheath shell.
The implementation of a collapsible sheath shell introduced a number of challenges that
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were overcome via systematic design and bench-level experimentation. The elements to be
addressed included sheath location with respect to the sheath shell, clamping of the bottom
of the sheath during the unfurling process, maintenance of sterility, temporary fixation of
the sheath shell to the probe holder, cord removal following sheathing, and rubber band
storage and deployment.
The final alpha prototype design is shown in Figure 4-4. The sides of the sheath shell
contain left and right tabs to allow the user to grasp the shell without compromising sterility
or pinching the sheath during the process. A skirt was added around the base of the sheath
shell to minimize user contact with the non-sterile probe holder. The rubber band is placed
on one of the side handles so the user can easily remove it and place it over the probe. The
front of the sheath shell has interlocking walls that allow the sheath shell to be rigid while
in use yet open following sheathing. The user can pull the probe cord out of the shell while
minimizing exposure of the sterile sheath to the non-sterile probe holder. Finally, a snap-fit
was included at the rear of the sheath shell to allow the shell to remain fixed to the probe
holder while the probe is pulled through the shell for sheathing. After the completion
of an ultrasound procedure, the shell is to be disengaged from the holder and discarded.
The design strongly considered the order of operations of the sheathing procedure and was
structured to integrate with the existing sheathing procedure.
Figure 4-4: Final alpha prototype: sheath shell and integrated probe holder.
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4.3 Probe Holder Design
The probe holder, shown in Figure 4-5, was designed to mate with the sheath shell as it
is placed over the probe. The sheath shell fits over the probe holder to further maintain
sterility by enclosing the non-sterile probe within the sterile sheath shell. The holder also
contains the complementary parts of the sheath shell snap-fits in order to temporarily fix the
shell to the probe holder. The probe holder was designed to mount to IV poles, which are
readily available in all hospitals and clinics, and in close proximity to portable ultrasound
carts. This prototype was CNC machined, although it would be injection molded if mass-
produced.
Figure 4-5: Final alpha prototype probe holder mounted on an IV pole.
The collapsible sheath shell design made the incorporation of sterilization-compatible
packaging straightforward, as the sheath shell prototype readily fits into the currently used
ethylene oxide, sterilized, easy-open packages, such as the Site Rite* Probe Cover Kit with
Gel.
4.4 Other Concepts & Rubber Band Deployment
Design concepts that would store a rubber band in an unstressed state then stretch it out
and deploy it onto the probe head are shown in Figure 4-6. It was envisioned that storing
the rubber band around the narrow neck of the profile would allow the unstressed rubber
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band to be packaged on the sheath shell. As the probe holder pushed through the flexural
sheath shell, the rubber band would be deployed onto the probe. However, the benefits
of manufacturing the device out of a single sheet outweighed the possible success of a
device with the rubber band in place. Furthermore, these concepts were extremely space
inefficient and aesthetically unappealing. As such, rubber band integration would remain
an area for improvement in future prototypes.
Figure 4-6: Conceptual sheath shell designs with indentation for unstressed rubber band
storage.
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Chapter 5
Alpha Prototype Testing
5.1 Repeatability
Repeatability was an important metric of the success of the device. To approximate sheath-
ing reliability using the device, the probe was sheathed 30 times and the corresponding
durations were recorded. A histogram of the results is shown in Figure 5-1. In 28 out of
the 30 trials, the probe was successfully sheathed as intended. In one trial, the sheath came
off the shell without telescoping, and in another, the snap fit did not engage. It should be
noted that the same prototype sheath shell was tested repeatedly, while the design intent is
for single use.
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5.2 Sterility
The ability of the device to maintain sterility is crucial. To ensure that the sheath shell pre-
vented user or sheath contact with the non-sterile probe, cord or probe holder, the transfer
of bacteria from the non-sterile field was simulated through coating the probe with phos-
phorescent paint and deploying the sheath. As expected, the transfer of paint was limited
to the interior of the sheath shell, which was in direct contact with the probe and holder.
The exterior of the sheath shell, the exterior of the sheath, and the user's gloves were free
of the paint when examined under UV light. The results are shown in Figure 5-2.
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Average: 17.7s
Standard Deviation: 4.3s
Success Rate: 28/30
Non-sterle post-
sheathing
Figure 5-2: Results of testing with a phosphorescent paint-coated probe to demonstrate
sterile sheathing. The top two images show a lack of sheath and outer shell contact with
the probe.
Bacterial culture testing to demonstrate that the sheath and sheath shell exterior are
sterile post sheathing will be a crucial step before the device can be used for ultrasound-
guided procedures and receive regulatory approval.
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Chapter 6
Beta Prototype Development
6.1 Alpha Prototype Critique
In an effort to make significant improvements in the second round of design, the alpha pro-
totype was objectively evaluated to identify its strengths and weaknesses. While the sheath
shell could be packaged flat and had reasonable manufacturability, there was a laundry list
of insufficiencies, as summarized by Table 6.1, that needed to be addressed.
45
Table 6.1: Shortcomings of the alpha prototype sheath shell and probe holder.
* Rubber band integration remains unsolved.
* The shell does not pop open well, especially with the rubber band in place.
* The shell is unstable and flimsy.
_ The shell is taller than necessary. Too much plastic is wasted particularly because
it is a disposable product.
.cV) . The shell is difficult to remove from the holder after the procedure.
-J * The interlocking cord removal finger does not lock well as the flap panels are not
flush when engaged. It could also disengage in the package during storage.
e The skirt tabs around the base are not reliable and do not provide significant
protection. They also are not guaranteed to swing outward upon deployment.
* The side handle tabs are unstable and the shell is difficult to maneuver.
* The shell-holder locking mechanism is not reliable and the shell must be
shimmied onto the holder.
* The holder is not easily portable. It should be easily fastened to and removed
from the IV pole without the need for additional tools.
I The holder is not easy to clean.
6.2 Problem Reevaluation
Following alpha prototype testing, there was a critical period of reevaluation. In order
to move forward with confidence, a few key questions needed to be answered. These
questions would address manufacturing processes and sterilization methods for material
selection, packaging and the importance of flat storage, rubber band treatment, and holder
mounting solutions.
First, discussions were held with manufacturing experts regarding the economics of in-
jection molding versus stamping the sheath shell. This conversation revealed that stamping
was not a superior manufacturing method to injection molding as far as costs were con-
cerned. For plastic parts in very large quantities, the cost per part would be cheaper for
injection molding. Additionally, the materials that could be stamped were limited, namely
polycarbonate or acrylic, which are less than ideal for the shell design.
Next, a series of trips to Massachusetts General Hospital proved to be extremely fruit-
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ful for obtaining additional insight. As shown in Table 6.2, investigations in the hospital
stock room, observation of a live Peripheral Insertion of a Central Catheter (PICC) sheath-
ing procedure, and discussions with sales & engineering representatives of MGH's current
sheathing kit led to some key findings:
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Table 6.2: Key findings from informational visits to Massachusetts General Hospital.
1. Storage space comes at a premium in the hospital. The new sheathing device should
occupy no more space than the current kit. Flat packing is critical.
2. Storing the rubber band in tension is acceptable as all kits are discarded if not used
within 6 month's time due to sterilization concerns. The sterilization cycle lasts up
to one year, which is not enough time for the rubber band to lose its integrity.
3. Stock room inventory indicated predominate design language for sterile items: Ster-
ilized items are packaged in a flat, rectangular, sealed package.
4. MGH's main stock room data reported the purchase of over 18,000 sheathing kits
from February 2012 to February 2013. Given a rough estimate of about 5,000 hospi-
tals in the United States, these numbers serve to provide preliminary market valida-
tion for a sheathing device.
5. Doctors appear to have a personal preference for rubber band placement along the
length of the probe. This indicates that automatic placement of the rubber band may
not be ideal, and could lead to further time spent adjusting the band. Some clinicians
even prefer to twist the rubber band around the probe head twice rather than once.
For as long as the ultrasound gel is used, rubber band application is not consistent
across sheath handlers. Manual rubber band placement is, therefore, acceptable and
perhaps preferable at this time.
6. The current polyethylene sheath is sterilized using ultraviolet sterilization. Therefore,
the shell should also be compatible with UV sterilization, i.e. UV transparent. This
provided the critical information need for material selection, as the shell design for
manufacturing would be highly driven by the material used.
7. Mounting the holder on an IV pole made little sense. The ultrasound machine is
permanently mounted onto a portable cart. Naturally, it made sense that the holder
be mounted onto that same cart. Even though IV poles are in nearly every hospital
room, having to mount the holder away from the cart would cause several problems:
(a) The probe, which is permanently affixed to the cart, may not have enough slack
in the cord to comfortably reach the holder.
(b) The IV pole may put the holder in an inconvenient location for the flow of the
procedure being performed.
(c) Placing the holder adds another step to the sheathing process and additional
complexity to the holder design.
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This information was exactly what was needed to make the critical design decisions
that lied ahead.
6.3 Revised Functional Requirements
With the new information gathered at MGH and the reevaluation of the entire design, it
was necessary to revisit the functional requirements of the device. The updated functional
requirements are summarized in Table 6.3.
Table 6.3: Beta prototype revised functional requirements.
Functional Requirements
- Portable
- Maintains sterility
- Injection moldable
" Single-user operation
- Covers a minimum of 1 m of cord
- Minimizes required dexterity & training
- Compatible with multiple transducer types
- Maintains gel layer between probe & sheath
* Two times faster than existing method & reduces process variability
- Uses current packaging & sterilization methods
- Flat packing with minimal storage footprint
6.4 Manufacturing and Material Selection
With injection molding chosen as the manufacturing process of choice, the material selec-
tion process was simplified significantly. Considering the need for flat packing, the design
would require living hinges. This left the option of either polypropylene or polyethylene
as the working material. Only certain resins are flexible enough to support the degree and
frequency of bending required of a hinge. The best material options were polypropylene
and polyethylene. Of the two options, only PE can be sterilized using UV sterilization,
making it the most suitable choice [1]. PP is too opaque for UV sterilization.
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6.5 Brainstorming
A brainstorm for new design solutions was concurrent with the gathering of information at
MGH. Particular attention was given to additional solutions for rubber band integration and
flat packing designs. Comparing all ideas, old and new, a tri-folding shell design, shown
in Figure 6-1, was selected. Selection criteria considered shell stability, the minimization
of degrees of freedom, ability for rubber band integration, ease of use and deployment, and
the minimization of stress or risk to the sheath in a packaged configuration. The trifold
design satisfied the latter requirements, and pleasantly afforded some additional benefits:
" Its open, virtual fourth side allows for visibility of the probe during sheathing and
eliminates cord removal complications.
" Its rectangular profile works well with the existing sheath, which is also rectangular
at its closed end.
" High potential for a straight-draw injection mold
" Simplicity
Figure 6-1: Tri-folding sheath shell concept sketch.
During this process, the official decision was made to eliminate the requirement for an
automatically applied rubber band and protective skirt barrier at the base of shell.
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6.6 Sketch Modeling
Following the decision to pursue the trifold design, sketch models, shown in Figure 6-
2, were made to work out overall dimensions, handling, and sheath integration. It was
important that the sheath fit securely onto the shell without excessive stress from shell
features.
Figure 6-2: Cardboard (left) and ABS (right) trifold sketch models.
An ABS shell was made to address sheath integration. Initially a double wall was
considered, as shown in Figure 6-2, but this was quickly discarded for single flexural tabs
on the side panels. The double wall simply would not satisfy the straight-draw injection
molding requirement.
Next, overall dimensions and handling were addressed. The sheath's rectangular cross-
section dimensions at its closed end were measured and a low fidelity, low-resolution card-
board model of similar dimension was fashioned. Additionally, in fitting the sheath onto
the cardboard model, it was found that rounded corners would be necessary to eliminate
the risk of sheath puncture during storage and application.
The sheath shell's height was driven by several factors: the sheath's folded height,
packaging, human factors, and the anticipation of a fastening feature at the shell base.
When telescopically folded, the sheath's height is about 3.25". This would serve as the
lower limit on the shell's height as it must be able to securely hold the folded sheath. Next,
the shell must fit comfortably inside the current kit packaging. To satisfy this upper limit,
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the shell would need to be less than 5.5" in height. The shell should also be easy to handle
by its operators and leave sufficient real estate for a fastening feature. Based on human
factors data, 95 percent of all men have a handbreadth, including the thumb, of 4.4" [22].
A 4.4" long shell, however, may leave very little room for fastener design. For this reason,
the sheath shell height was set to 5" with the option for future height reduction.
Lastly, the sheath shell's thickness needed to be set, as it would affect every feature's
design on the injection molded shell. A cardinal rule of injection molding is to maintain a
uniform thickness throughout a design. A plastics manufacturing consultant from Nexeo
Solutions, recommended a minimum wall thickness of 0.08". This minimum thickness
would be used in order to minimize material waste and optimize UV sterilization.
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Chapter 7
Beta Prototype Design
7.1 Refined Functional Requirements
The following sections focus on the development of the design, considering each iteration
up to the final beta prototype. Although each model is a holistic design in itself, this dis-
cussion is organized into three areas: shell design, holder design, and shell-holder locking
interface design.
7.2 Sheath Shell Design
7.2.1 Shell Version 1
The first version of the sheath shell is shown in Figure 7-1. The discussion of this design
begins with a description of a few key features that remained unchanged even in the final
prototype.
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Figure 7-1: Sheath Shell Version 1: 3D printed DurusWhite sheath shell.
First, sheath tabs with an S-curve profile were placed on either side of the shell to pro-
vide the appropriate amount of resistance to an unfurling sheath. The length of the tab was
chosen such that it would extend along most of the folded sheath, but leave enough distance
from the top of the shell so that the remaining bridging section above the cutout window
would not be too narrow. With the sheath tab now in place, the double hinge, shown in
Figure 7-2, could be dimensioned. The double hinge width was based on the folded sheath
thickness plus two wall thicknesses, and a little buffer room. For simplicity, the double
hinge was not printed in this prototyping run, as suggested by Figure 7-1. Though the
double hinge would require testing later on, the specific hinge dimensions would not re-
quire validation. A living hinge is a common feature in plastics manufacturing. Industry
standard dimensions were used according to Protomold's living hinge design guide and
plastics manufacturing texts [19]. For all 3D printed models, living hinges were simulated
with double sided tape and packaging tape. Perforations were cut into the clear packag-
ing tape along the bending axis of the hinge to provide a more realistic bending radius.
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A close-up view of the solid model living hinge is shown in Figure 7-2. Also shown in
Figure 7-2, are the rounded corners, and the sheath tab's transition to the shell body. This
transition and circular relief cutout served to remove stress from the outer elbow of the tab
and transfer it to the shell body below the tab.
Figure 7-2: Shell version 1 solid model showing the double living hinge, and a detailed
view of the rounded corners, living hinge cross-section, and sheath tab stress relief features.
Though this first iteration laid a solid foundation for future models, it had at least two
failures. The miniature rubber band tabs were too short and too stiff to properly store the
kit rubber bands, and it was too easy to touch the front of the holder while applying the
sheath.
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7.2.2 Shell Version 2
Figure 7-3: Shell Version 2: 3D printed VeroBlack model showing the thumb stand-off
tabs, and a detailed view of the rubber band tab and double hinge.
Building upon the success of the first model and addressing its shortcomings, a second
prototype was created. As shown in Figure 7-3, thumb standoff tabs on the side panels
and longer rubber band tabs were included. These standoff tabs gave a clear indication to
the user as to where to pick up the shell. They also successfully created user separation
from the holder. The rubber band tab length was also an improvement, but the curvature
of the tab profile was slightly dramatic at the top. The rubber band experienced significant
opposition upon removal, causing it to snap from the tab. Also shown in Figure 7-3, is the
double hinge. What was discovered was an undesirable flexibility in the shell. The side
panel would not stay flush with the holder wall and made hook engagement more difficult.
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7.2.3 Shell Version 3
Figure 7-4: Shell Version 3: 3D printed VeroBlue model showing whole shell and a detailed
view of the solid corner hinge and the sheath tab rounding.
The final shell prototype is shown in Figure 7-4. One major modification and many
minor details were changed in this model. The minor changes include:
1. Softening the rubber band tab profile
2. Increasing the radius along the top of the sheath tab for aesthetic reasons and sheath
puncture protection
3. Softening the edge radius on the shell interior
The one major change was the decision to make the double hinge into a solid corner
with a single living hinge. This would make the shell placement more deterministic by
eliminating the unwanted degrees of freedom in the side panel. Although the solid corner
with the single hinge can still be injection molded flat with a straight draw, it requires a
non-standard living hinge design. This living hinge will be designed so that it has a range
of motion of 180 degrees, but is molded at a right angle with its partnering wall.
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7.3 Probe Holder Design
The ultrasound probe holder was designed to be compatible with a wide range of ultra-
sound probes. The geometry of ultrasound probes varies widely, but the cord connection
is common across models and suppliers. Thus, the holder would interact with the probe at
its cord adapter. Similar to the shell, there are three distinct versions of the probe holder
design:
7.3.1 Holder Version 1
Figure 7-5: Holder Version 1: 3D printed DurusWhite model on an ultrasound cart.
The first probe holder, shown in Figure 7-5, was a crude first attempt. While it held
the probe securely by the cord, the inner walls of the probe cavity were too close together
to comfortably accommodate the probe. Furthermore, the holder was much taller than
necessary, its cord path was too narrow, and its front face was too accessible to the sheath
handler when applying the shell. Surprisingly, the holder sat snuggly over the ultrasound
cart's existing probe holder as shown in Figure 7-5. Future iterations would capitalize on
this seemingly convenient mounting method.
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7.3.2 Holder Version 2
Figure 7-6: Holder Version 2: 3D printed VeroBlack model with hook feature inserts re-
moved.
The first probe holder underwent a full makeover to create the second version, shown
in Figure 7-6. While the length and width of the holder remained untouched, the height
was reduced by an inch, such that the top of the holder hit just above the tangency point
of the sheath tab. Other adjustments included chamfering the front walls, opening up the
cord path, and thinning out the walls to provide more space for the probe. With the locking
feature design changing frequently, slots were also added to the sides of the holder for hook
feature inserts in order to save on rapid prototyping costs.
Because the previous holder fit almost perfectly over the existing cart holder, it was
decided to design the holder to fit to the cart. This made the holder appear as an integral
part of the cart and eliminated the need to design a mounting feature. It also made the holder
more accessible. In future generations, the front of the holder would stand back farther to
further eliminate risks of a sterility breach. In a general sense, the holder design was not
belabored because the mounting mechanism would depend on the type of ultrasound cart
being used. These ultrasound carts come in various configurations, with many different
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types of probe holsters. If this product were to be commercialized, the holder would be
designed to integrate seamlessly with the appropriate ultrasound carts.
7.3.3 Holder Version 3
Figure 7-7: Holder Version 3: 3D printed VeroBlack model with hook feature inserts in
place.
The final holder prototype, shown in Figure 7-7, varied only slightly from version 2.
The probe cavity was once again made slightly wider by reducing the thickness of the side-
walls. The insert slot was extended backward to give more real estate for hook feature
mounting. Last, to capitalize on the holder's snug fit over the cart's existing probe holder,
four cantilevered snap hooks were placed around the base to anchor the holder to the cart.
Unfortunately, the recorded dimensions of the cart holder were inaccurate and the snap
hooks did not engage as designed. This was a lesson in dimension verification and under-
scored the importance of having ready access to equipment with which a design is intended
to interface.
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7.4 Fastening Feature Design
The most challenging feature in the trifold design would prove to be the fastener temporar-
ily fixing the shell to the holder. Table 7.1 summarizes the non-negotiable guidelines that
drove this fastener design.
Table 7.1: Non-negotiable shell-holder fastening feature design guidelines.
" The feature may not extend more than 0.310, the double hinge width, from the inner
plane of the sheath shell, as required for flat folding.
" All non-sterile snap features must be contained by the shell and remain inaccessible
to the user
" The shell must be secured to the holder when unfurling the sheath, but easily removed
when intended.
" The feature must satisfy straight-draw moldability requirements.
" There must be either auditory or tactile feedback to notify the user of feature engage-
ment.
Given these constraints, the following locking features were developed:
7.4.1 Version 1: Dovetail Hook
Figure 7-8: Dovetail hook overview.
The first design employed a dovetail feature on the holder with its complementary
bracket on the sheath shell, shown in Figure 7-8. Figure 7-9, illustrates the engagement
of the dovetail hook with the sheath shell.
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Figure 7-9: Dovetail hook engagement. Sheath shell shown in dark gray, holder feature
shown in light gray.
The slot continuing out the front of the shell side panel was intended for sliding shell
removal from the holder. The tapered lip at the base helped the shell pass smoothly over
the dovetail hook.
The dovetail hook worked well with the tension of the sheath on the shell, however, the
hooks would consistently disengage as soon as the sheath was unfurled. It was thought that
the dovetail feature was too small for significant shell engagement so a 50% larger dovetail
hook was tested as well. Due to injection molding design guidelines, the shell-side feature
became very large and unappealing in appearance. Furthermore, the play in the design also
increased. The shell was no longer secure and its application to the holder was not smooth.
Development of the dovetail hook was discontinued.
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7.4.2 Version 2: Tab Hook
Figure 7-10: Tab hook overview.
Next, a tab flexure hook design, as shown in Figure 7-10, was tested. Although the
design was aesthetically appealing and clean cut, it was not functionally appealing. Fig-
ure 7-11 illustrates the engagement of the tab flexure hook with its complementing holder
feature.
Figure 7-11: Tab hook engagement. Sheath shell shown in dark gray, holder feature shown
in light gray.
Again, the shell immediately fell from the holder after sheath unfurling, as there was
no mechanism or surface to support the shell from below. Additionally, the slots traveling
up the shell would result in razor thin mold features. This could be remedied, but would
detract from the sleek look of the feature.
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7.4.3 Version 3: Double Snap Clip
Figure 7-12: Double snap clip overview with corresponding holder insert below. Design
progression shown from left to right.
The next locking feature iteration sought to correct the recurring problem with uninten-
tional shell removal. The shell needed a locking feature that could be removed easily, but
was also secure. The solution was a double snap clip. Figure 7-12 shows the progression
of the clip and corresponding holder insert features up to the final design.
Using up as much open real estate below the sheath tabs as possible, the dimensions
of the beam were set. By simple beam bending theory for a cantilevered beam, a maxi-
mum allowable deflection was calculated to be 0.05". Table 7.2 shows the calculation and
relevant parameters.
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Table 7.2: Clip snap hook allowable deflection and parameters.
Shell Cantilever Hooks
sigma HDPE (psi) 4060
sigmax (psi) 2030 S.F. of 2
Modulus, E (psi) 184000
beam length (in) 0.8
beam thickness (bending) (in) 0.09
beam width (side plate thickness) (in) 0.08
1 (inA4) 0.0000049
max allowable deflection 0.0523027
Once the snap hooks were designed, finger tabs for clip removal were added to each
snap. Sterility guards were also added to the shell to prevent access to the non-sterile
holder.
The first iteration of the clip had both success and failure. The clip engaged with the
holder beautifully. Not only was the shell secure, but the clip also gave the user both
auditory and tactile feedback of its engagement. However, the removal of the shell was
still too difficult. In the first iteration, the press release of the snap was too stiff and the
finger tabs were too tiny. It was no surprise, then, when the snap feature broke after several
cycles. Although it is a one-time use shell, the snap should be able to handle at least a
hundred cycles.
The cause of the additional stiffness was the sterility guard features surrounding the
root of the clip. This arched ridge effectively shortened the beam length thus reducing
its allowable deflection. Though the finger tabs may have contributed to the stiffness of
the beam as well, slots were added preemptively to prevent such an increase in bending
stiffness. Regardless, these slots were deemed uncomfortable for the user and would be
eliminated in the re-design.
Moving on to the second iteration, the arched sterility ridges were straightened out and
the finger tabs were attached at a single point as far from the beam root as possible. In order
to make the part moldable, the tabs had to attach to the snap beam off-center. Pressing the
tabs resulted in a torsional force, making it difficult to slide the clip into the holder's hook
slot.
A press-release approach to removal was not going to work. Realizing this, the third and
final version of the clip was designed for passive removal. Instead of actively interacting
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with the clip, the snap was modified so that pushing up on the thumb standoffs or pulling
up on the side panels would remove the shell. This was achieved by reducing the retention
force of the clips by sloping the flat, engaging face of the snap hook by 18 degrees. Finally,
with the elimination of the finger tabs, the sterility guards were stepped in to cover the
empty space along the clips.
As the clip design changed, the complementary holder feature had only one modifica-
tion. The top of the lock feature was given soft guide wings to better direct the clip into its
slot.
Finite element analysis was used to validate the final clip design. The FEA simulation
results for the shell and holder features are shown in Figures 7-13 and 7-14, respectively.
Figure 7-13: Double snap clip shell finite element analysis deflection results.
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Figure 7-14: Double snap clip holder insert finite element analysis deflection results.
The allowable load on the clip is 3.5 lbf. Although this number is on the lower end, as
compared to 13 lbf, the momentary thumb and finger grip force applied by 5th percentile
men [23], it is satisfactory for this application. As a disposable device, the longevity of
the clip is not a priority beyond a single use. The allowable load on the holder feature is
slightly larger at 4 lbf. Longevity is a concern for the holder feature as it is not disposable.
This analysis was based on the material properties for HDPE [5], but the holder is not
necessarily restricted to the use of this material. A more suitable material may be selected
to ensure holder durability.
7.5 Beta Prototype Final Design
The final sheathing device is shown in Figure 7-15.
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Figure 7-15: Beta prototype final design.
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Chapter 8
Beta Prototype Testing
Preliminary usability and sterility tests were conducted in concert to evaluate this device.
Evaluation included a procedure duration and ultrasound image quality comparison be-
tween the current, two-person method and the new method in question. An ultrasound
image was captured for each trial and evaluated by a medical professional using a blind test
post-process. To evaluate sterility, the probe holder was coated in phosphorescent paint to
simulate bacteria, and contacted surfaces were examined under ultraviolet light to deter-
mine the device's ability to eliminate non-sterile contact. Each test was captured on video,
and users were asked to complete a survey upon completion.
Testing was performed at MGH. Medical professionals with varying levels of familiar-
ity with the preparation of sterile ultrasound probes were recruited. Eligible participants
must have previously prepared and conducted a sterile ultrasound-guided procedure.
Following the outlined testing protocol (see Appendix B), subject were asked to, first,
sheath an ultrasound probe using the current method, followed by 1-4 trials performed with
the new sheathing device. At the end of each trial, an ultrasound image was captured to
later compare the resulting image quality. Image quality was rated on a scale of 1-5, with 5
being of highest quality. Each trial was timed and video recorded. On the final trial with the
new device, the probe holder was coated in phosphorescent paint, as shown in Figure 8-1,
to simulate bacteria. Immediately following the final trial, the sheath shell, the sheathed
probe, and the subject's gloves were examined under UV light.
69
Figure 8-1: Ultrasound probe holder coated with phosphorescent paint for sterility testing.
Throughout the testing with the new device, no verbal cues or feedback were given to
the subjects. Only non-verbal, illustrated instructions for the device (see Appendix C) were
provided to guide participants. Figure 8-2 shows the complete test setup.
Figure 8-2: Test setup including two ultrasound carts, a table serving as a sterile field, a
UV lamp, and testing materials.
Two ultrasound carts were used to streamline the process and reduce time between
subjects. The second cart was used for the phosphorescent sterility tests exclusively, as it
would take too much time to clean and reapply paint to the probe holder between each test.
A fresh coat of paint was applied over the previous coat.
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Chapter 9
Results
A total of three medical professionals participated in the study. It had been three years and
five years since sheathing a probe for two participants, and the third participant sheathes
approximately 20 probes per year.
Each participant sheathed one probe using the current ultrasound kit and an assistant,
and at least one probe with the new method. Two of the three subjects performed the
procedure a second time with the new method. Although the dataset is limited, Table 9.1
summarizes the suggested results.
Table 9.1: Procedure speed and ultrasound image quality testing results.
" The procedure with the new device is an average of 35% faster than with the current
sheathing technique.
* By the second trial with the new device, subjects perform the procedure 13% faster
than their first trial.
" All ultrasound images from the new device were rated 3 or higher, averaging a 4.5/5
overall.
* No ultrasound image from the current method achieved a rating higher than 3. The
average image quality was 2.3/5.
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The sterility test was performed twice. Results are shown in Figure 9-1.
Figure 9-1: Phosphorescent paint sterility test results. Non-sterile shell interior (top left),
Sterile shell exterior and non-sterile clip protected by sterility guards (top right), Ster-
ile sheathed probe with non-sterile interior (bottom left & center), Sterile gloves (bottom
right).
As expected, paint was only found on the inner face of the sheath shell and inside the
sheath. Paint appeared on the shell exterior only on the clip features. This was expected
and served to validate the important role of the sterility guards.
In the one case, paint appeared on the left index finger of the participant, as shown in
Figure 9-2. Further testing is required, but it can be concluded with reasonable confidence
that the paint seeped through the perforations in the simulated living hinges. When properly
manufactured by injection molding, this failure mode will be corrected.
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Figure 9-2: Phosphorescent paint found on one subjects glove after using the new device.
At the conclusion of the tests, each subject completed a short survey. Test subjects
agreed that the current sheathing method should be changed. They also affirmed that the
new device makes the sheathing process simpler and reduces variability. All test subjects
would want to use the new device in future sheathing procedures.
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Chapter 10
Observations
10.1 Current Method
The current method is indeed cumbersome and challenging for infrequent users. The two
less familiar test subjects could not perform the procedure on their first attempts. One par-
ticipant struggled to orient the sheath and had to request a second kit after prematurely
unfurling the sheath. Another participant blatantly broke sterility by grabbing the probe
cord, and in handling the probe, caused the internal gel to slide down the cord. It is ap-
parent that new and infrequent users would benefit greatly from the new device. Although
practiced users would benefit by eliminating the need for an assistant, they would not see
drastic time and efficiency savings when an assistant is available.
10.2 New Method
There were several failure modes in the use of the new sheathing device. These failures
were due to noncompliance with device instructions and failure to clip the shell to the
holder. Twice, participants applied sterile personal protection equipment before applying
gel to the probe. In each case, the subjects used the sterile gel packet in the kit to recover
from this mistake. As long as sterile gel is available, this gel application step may be
performed either before or after applying PPE. On another occasion, a test subject removed
the rubber bands from the shell before placing the shell over the probe. Out of habit, the
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rubber bands were placed in the designated sterile field. Finally, two users failed to clip the
sheath shell into the holder in their first trials. However, the users were able to improvise by
using their spare hand or by lifting the shell by the sheath and allowing it to fall to the floor.
A "click" indication will be added to the instruction illustrations. Regardless of the failure
mode, each trial with the new sheathing device was performed without breaking sterility.
The new method also provides a sufficient, nearly air-bubble free gel layer on the probe
as shown in Figure 10-1. Operators do not need to spend extra time adjusting the gel and
smoothing away bubbles, as is commonplace with the current method.
Figure 10-1: Air bubble-free ultrasound gel layer on a sheathed probe using the new device.
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Chapter 11
Future Work
Although the design is complete enough for testing, fine-tuning, a tolerance analysis, and
the corner living hinge design will be completed to prepare the sheath shell for full-scale
manufacturing. Current cost estimates have been obtained, but official conversations with
manufactures will need to begin. While initial testing suggests a faster, more reliable de-
vice, further testing is required to obtain significant validation. Once enough evidence
has been gathered in support of the device's promising benefits, a patent licensing agree-
ment will be sought with the appropriate companies. A provisional patent application has
already been filed. If required to obtain investor buy-in, bacterial culture testing and pack-
aging survival tests will be performed as well. The identification of additional applications
and industrial design considerations may also be pursued in the future.
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Chapter 12
Conclusions
The proposed device satisfies the majority of the defined functional requirements. It can be
operated by a single user, facilitates sheathing of the cord, maintains a gel layer between
the probe and sheath, and is portable. The sheath shell is designed for injection molding,
packages flat in the current ultrasound kit packaging, and can be sterilized by the current
sheath sterilization method. Preliminary testing suggests the new device is faster than the
current method, however, it is not twice as fast as required by the functional requirements.
With further testing and proper manufacturing, there is great potential that the device will
guarantee maintenance of sterility as well.
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Appendix A
Common Ultrasound Probe Types
Intraractat Lnear
81
THIS PAGE INTENTIONALLY LEFT BLANK
82
Appendix B
Sheathing & Sterility Testing Protocol
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User Testing Protocol for Ultrafast Probe Sheathing
1. Summary:
This document outlines the testing protocol and data collection entries that will be used to evaluate the
Ultrafast probe preparation kit (consisting of a sheath shell, probe sheath, and two rubber bands) and
probe holder. To evaluate the new device, it will be compared to the current, standard, two-person
method by medical staff of differing skill levels who are familiar with the sterile sheathing of ultrasound
probes. Data will be collected to compare the image quality of the current device with the Ultrafast kit
using a blind test post-process. Furthermore, the probe holder will be coated in phosphorescent paint
to simulate bacteria, and the surfaces will be examined under UV light to determine the device's ability
to eliminate non-sterile and sterile contact. The entire test will be captured on video, and users will be
asked to complete a survey once the testing is complete.
2. Purpose
2.1 Objectives:
The purpose of this test is to evaluate the Ultrafast probe sheathing system, which consists of a
sheath shell - preloaded sheath cartridge - and a probe holder, and compare it to the current method
of sterile sheathing of ultrasound probes.
2.2 Background:
During interventional ultrasound-guided procedures sterility is maintained by covering the transducer
head and cord with a sterile sheath. The current sheathing technique is cumbersome, requires an
assistant to complete, and poses a risk of tangling the probe cord and breaching the sterile barrier.
A new device has been designed, which consists of a probe holder and cartridge-style, single-use
applicator that enables faster, more reliable, single-user sheathing of ultrasound probes, with a
decreased risk of compromising sterility. To determine the device's usability, it must be evaluated by
medical staff with varying levels of familiarity with the preparation of sterile ultrasound probes.
3 Testing Design
3.1 Subject Considerations:
3.1.1 Eligibility:
To be eligible to participate in the testing of the new device, one must have previously prepared and
conducted a sterile ultrasound guided procedure. Such a procedure may include, but is not limited to,
preparation and placement of a peripherally inserted central catheter (PICC).
3.1.2 Endpoint and Hypothesis:
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We anticipate that this novel device will minimize the dexterity and training required for the sterile
preparation of ultrasound guided procedures, while maintaining an appropriate gel layer between the
probe and sheath. The new preparation method can be accomplished by a single user, and we
anticipate that faster more reliable sheathing of sterile ultrasound probes may aid in reducing morbidity
rates, health care costs, and lengths of stay for the patients.
3.1.3 Scale and Duration:
Testing of the device will involve 3-5 medical staff of differing skill levels. The test, including setup time,
is estimated to take 30 minutes. All information collected will be used for evaluation purposes of the
device made for the spring MIT course, 2.753 Development of Mechanical Products.
3.2 Devices Used:
Please ensure that the following is prepared for each round of testing:
o Standard ultrasound preparation kit
o Ultrafast sheath shell and holder kit consisting of:
o Sheath shell
o 2 rubber bands
o Ultrasound probe cover
o Ultrasound gel
o Ultrafast probe holder
o 2 ultrasound cart units
o Ultrasound phantom
o Phosphorescent paint
o UV lamp
o Window-less room/ability to take good UV light pictures
o Sanitary wipes
o Video camera and stand
o Black marker
o Camera
o USB thumb drive
3.3 Data Collection and Analysis:
The entire test will be recorded on video, and pictures may be taken at any moment during testing.
The tester will be asked to rate ultrasound image quality when used on a phantom, and will be asked
to complete a survey comparing the two processes. The tester's gloves and the sheaths used during
testing will be collected, labeled, and stored for sterility verification post-process.
4. Methods
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4.1 Testing Procedure: (current method, then new method?)
The test will be as follows:
o Test administrators will film the entire test.
o One test administrator will facilitate the current test, while the other prepares the next test.
o First, the tester will apply sterile personal protective equipment (PPE).
o Note: maintaining the sterile barrier between tests is not necessary, rather, PPE should
serve to simulate the restrictions of the sterile environment found in hospitals during
standard preparation.
o Tester will prepare an ultrasound probe, while being timed, using the current devices and
methods
m Comments:
o Once a probe is sheathed and secured with a rubber band, the probe will be used on an
phantom dummy and the image will be stored for a blind rating after the experiment.
a Picture of image on screen saved under the name Test Trial
o Next, the tester will prepare an ultrasound probe using the Ultrafast kit. This step will be
repeated 3 times and will also be timed.
o Follow the steps illustrated in the Testing Instructions Illustration sheet to sheath the
probe with the Ultrafast kit:
m Comments:
o The tester who is not facilitating the test should coat the probe holder and the immediate
surrounding environment with phosphorescent paint to simulate the possible transfer of
bacteria.
o The tester will be timed while they prepare an ultrasound probe using the Ultrafast kit one final
time, but only after the phosphorescent paint is applied to the holder.
* Comments:
o Once a probe is sheathed and secured with a rubber band, the probe will be used on an
phantom dummy and the image will be stored for a blind rating after the experiment.
m Picture of image on screen saved under the name Test Trial
o Pictures will be taken of the gloves, sheath, and sheath shell under UV light to determine if
there was any unanticipated transfer of paint.
o Before the test is repeated with another tester, the test administrator should wipe the probe and
shell free of any gel and paint.
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o The tester should candidly complete the survey in the data collection sheet.
Strongly Disagree Neutral Agree Strongly
disagree agree
1. The current (standard) sheathing method
should be changed.
2. The Ultrafast sheathing device reduces
variability in probe sheathing
3. The Ultrafast sheathing method makes
sheathing ultrasound probes simpler.
4. I would want to use the Ultrafast 17 [
sheathing device in future procedures.
5. The Ultrafast sheathing device is easy to
use and requires little training.
6. 1 have much experience sheathing
ultrasound probes. _
Additional comments and recommendations or thoughts on new device:
5. Risks, Benefits, Consent
You will receive no benefit from participating in conducting the tests, other than helping the evaluation
of a new device. While no adverse events are anticipated, neither MIT, nor the students assume any
risks or responsibilities for any events that might occur from conducting the testing. By participating in
the test, you allow the students to publish any comments or data collected from the study. You will be
assigned an identification number and your name will not be used in any publication. Thank you.
Signed:
Printed name:
Date:
Witness:
Test subject number:
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Appendix C
Sheathing Instructions
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